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Validating Lidar Depolarization Calibration Using
Solar Radiation Scattered by Ice Clouds

Zhaoyan Liu, Matthew McGill, Yongxiang Hu, Chris Hostetler, Mark Vaughan, and David Winker

Abstract—This letter proposes the use of solar background
radiation scattered by ice clouds for validating space lidar
depolarization calibration. The method takes advantage of the
fact that the background light scattered by optically thick ice
clouds is almost entirely unpolarized. The theory is examined with
background light measurements acquired by the Cloud Physics
Lidar.

Index Terms—Calibration, depolarization measurement, solar
radiation, spaceborne lidar.

I. INTRODUCTION

THE LIDAR to be flown on the Cloud-Aerosol Lidar and
Infrared Pathfinder Satellite Observations (CALIPSO)

[1] mission improves upon its predecessor, the Lidar In-space
Technology Experiment (LITE) [2], by adding the ability to
measure profiles of volume depolarization ratios at 532 nm.
Depolarization ratios provide useful information about the
shape of scattering particles. Linearly polarized light backscat-
tered from nonspherical particles depolarizes, whereas, when
multiple scattering can be ignored, the backscatter from spher-
ical particles produces no depolarization. Depolarization ratios
are used for discriminating ice crystals from water droplets [3],
[4] and can also be used for discriminating mineral aerosols
(irregular particles) from other types of aerosols composed of
spherical particles [5], [6]. In the analysis of the CALIPSO
lidar data, depolarization measurements play an important role
in cloud/aerosol discrimination [7], cloud phase determination
[8], and aerosol type identification [9]. Deriving accurate
depolarization ratios requires knowledge of the depolarization
gain ratio, which characterizes the relative gain between the
perpendicular and parallel channels of the lidar receiver. An
accurate depolarization gain ratio is especially important
for the CALIPSO measurements, as the total backscatter at
532 nm (i.e., the gain-ratio-weighted sum of the polarization
components) is a critical component in deriving the 1064-nm
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lidar system constant [10]. This study proposes a method for
validating CALIPSO’s internal calibration of the depolarization
gain ratio.

The depolarization gain ratio can be determined by inserting a
half-wave plate with its optical axis aligned at 22.5 to the trans-
mitted laser polarization direction into the optical path of the
transmitter [11] or the receiver [12]. In either case, the polariza-
tion state of the backscattered light will be rotated by 45 with
respect to the receiver’s polarization beam splitter, and thus, the
detectors will be exposed to signals of equal magnitude, irre-
spective of the scattering source. The depolarization gain ratio
is simply the ratio of the output signals of the two channels. The
gain ratio can also be determined by comparing the intensities of
diffused unpolarized light received at both parallel and perpen-
dicular channels [6], [13]. The unpolarized light provides equal
optical power to the two polarization channels, and the gain ratio
is once again determined by taking the ratio of the output sig-
nals in the two channels. The CALIPSO lidar employs a spatial
pseudodepolarizer to generate the unpolarized signal necessary
for the gain ratio calibration procedure [14]. A polarization gain
ratio operation mode is planned, and calibration measurements
will be made periodically throughout the mission.

In this letter, we propose the use of solar background radi-
ation scattered from ice clouds for validation of the depolar-
ization gain ratio. The background light measured by lidars is
the sunlight scattered by the land and ocean surfaces as well as
by clouds, aerosols, and molecules in the atmosphere. Because
the background light scattered by ice clouds is largely unpo-
larized [15], the difference in backscatter intensity between the
parallel and perpendicular channels ought therefore to be min-
imal. In addition, multiple scattering can further depolarize the
background light scattered from optically dense ice clouds.

The airborne lidar dataset acquired by the Cloud Physics
Lidar (CPL) [12] during the THORPEX-PTOST campaign
in 20031 [16] provides the opportunity for evaluating the
proposed validation method. This letter presents a simplified
theoretical explanation of the validation method and illustrates
the technique using CPL data.

II. THEORETICAL BASIS

The scattering intensities for single scattering of sunlight
from cloud droplets or ice crystal particles are given by [8], [17]

(1)

1See http://www-angler.larc.nasa.gov/thorpex/index.html

U.S. Government work not protected by U.S. copyright.



158 IEEE GEOSCIENCE AND REMOTE SENSING LETTERS, VOL. 1, NO. 3, JULY 2004

Fig. 1. Polarization components for ice (upper panels) and water (lower
panels) clouds.

where is the intensity of the incident light, and rep-
resent, respectively, the parallel and perpendicular components
of the scattered light, and is the scattering cross section of
the cloud. and are components of the scattering phase
matrix. is the angle between the planes formed by 1) the
solar incidence and the nadir-pointing direction of the airplane,
and 2) the polarization direction of the parallel channel of the
lidar receiver and the nadir-pointing direction of the airplane.
The scattering angle is equal to where is the solar
elevation angle.

The polarization components for the single scattering of sun-
light from the ocean surface are given by [17]

(2)

where the perpendicular and parallel polarization components
for are given by

(3)

where and are the incident and refraction angles relative
to a surface wave that follows the Cox–Munk distribution, and

is the refractive index. For ocean surface mea-
surements, the background signals are dominated by the spec-
ular reflection of background light from those sunny-side slant
surfaces having a slant angle of . In (3), the solar in-
cident angle for those slant plane surfaces is .

is a wind-driven wave slope probability function determined
by wind speed and direction. The magnitude of is related to
the wind conditions at the ocean surface. However, this param-
eter cancels out when forming the ratio of the perpendicular and
parallel scattering components, and thus, the quantity that is rel-
evant to this study does not depend on the ocean surface
wind conditions.

Figs. 1 and 2 show results of single-scattering calculations
for ice clouds using the phase matrices for aggregate particles
with rough surfaces [18], [19] (upper panels of Fig. 1), water
clouds (lower panels of Fig. 1), and the ocean surface (Fig. 2)

Fig. 2. Polarization components from ocean surface; the lidar is assumed to
be pointing at nadir.

for which the solar illumination direction is parallel to the polar-
ization plane of the lidar receiver’s parallel channel .
From Figs. 1 and 2, it is clear that varies with the sun
elevation angle for both water clouds and the ocean surface,
while the difference between and is small for ice clouds

Aggregate particles with complex morphologies are fre-
quently observed in tropical ice clouds such as those measured
by the CPL during THORPEX-PTOST. There are, however, ice
clouds that will not generate an unpolarized signal. Background
light scattered by the pristine ice crystals found in high, very
cold cirrus with small optical depths may be significantly
polarized. An example can be found in [15] in which the
maximum polarization of observed background light at 2.2
is 5% for a scattering angle around 90 . Similarly, for certain
scattering angles, horizontally oriented ice plates can also be
highly polarizing. Here, the polarization of background light is
a result of light scattering either internally or externally from
a flat surface. Fortunately, the lidar-measured depolarization
ratios from ice clouds composed of horizontally oriented
ice plates are quite low, while the corresponding attenuated
backscatter signals are large [20]. As a result, these episodes
can be easily identified in the lidar measurements and removed
from consideration.

Multiple scattering plays an important role in the scattering
of sunlight by clouds, as it will further depolarize the back-
ground signals. The background light emitted by multiple
scattering media such as dense ice clouds is, thus, even less
polarized than that emanating from optically thin ice clouds.
It is also worth noting that though the computation for single
scattering (i.e., Fig. 1) indicates that the water cloud is a polar-
izing medium, for those water clouds having very high optical
depths, the corresponding high degree of multiple scattering
present could generate a background signal that is almost com-
pletely unpolarized.

The scattering characteristics shown here suggest that the
solar background radiation from ice clouds can be used as a
light source to validate the calibration of space lidar depolar-
ization measurements.

III. CASE STUDY WITH CPL DATA

CPL is an airborne polarization-sensitive three-wavelength
system developed at NASA’s Goddard Space Flight Center [12].



LIU et al.: VALIDATING LIDAR DEPOLARIZATION CALIBRATION 159

Fig. 3. Example of observations. (Upper panel) Attenuated backscatter at 532 nm, (middle panel) perpendicular-to-parallel component ratio, and (lower panel)
parallel component.

CPL measures total backscatter profiles at 355 and 532 nm and
makes independent measurements of the parallel and perpendic-
ular components at 1064 nm. Observations acquired during the
THORPEX-PTOST 2003 campaign in Honolulu, HI, are used to
test the validity of the gain ratio calibration method. The upper
panel of Fig. 3 is an example of 532-nm attenuated backscatter
profiles acquired on February 22, 2003. The middle panel of
Fig. 3 is the perpendicular-to-parallel ratio of solar background
radiation at 1064 nm, and the lowest panel is the parallel com-
ponent at 1064 nm. The scattered solar background radiation for
each profile is derived from the subsurface region where laser
beam has been totally attenuated, and the only signal being mea-
sured is due to the ambient background light. The CPL detector
noise is negligibly small compared with the solar background
radiation during daytime.

The CALIPSO lidar cloud and aerosol discrimination algo-
rithm [7] has been applied to classify scene types (ice cloud,
water cloud, and cloud-free). Colors in the middle and lower
panels of Fig. 3 denote different scene types: cloud-free lidar
profiles are shown in red, profiles containing water clouds only
in blue, and those containing ice clouds in green. When a cloud
layer is identified, its layer-averaged total depolarization ratio

is compared to a threshold value to determine its ice-water
phase. Those clouds for which exceeds the threshold are in-
terpreted as ice; all others are classified as water. A relatively

high threshold of 20% has been chosen in this study to en-
sure that most mixed-phase clouds and those ice clouds con-
taining horizontally oriented ice plates are screened out, because
the scattered solar background radiation from these clouds is
not guaranteed to be sufficiently unpolarized. Optically thin ice
clouds with very low scattering ratios and low lidar depolariza-
tion ratios are also excluded, because solar scattering from water
clouds or ocean surface underneath these thin clouds dominates
the background signal.

The base of the cirrus anvil shown in Fig. 3 (upper panel)
lies above 10 km. The aircraft made four passes over this layer.
Although the sun elevation angle changed by about 50 during
this 4-h flight, the perpendicular-to-parallel ratio of the scat-
tered solar radiation from the cirrus layer remains almost con-
stant throughout the entire layer, except at the edges, and is
consistent with the value determined with the half-wave plate
method [12] for this flight (solid line in the middle panel). This
demonstrates that the scattered solar radiation from the densest
parts of the cirrus layer is unpolarized, regardless of sun ele-
vation angle. Multiple scattering may have also contributed an
additional measure of depolarization. Deviations are seen at the
edges of the cirrus cloud where the cloud layer is transmissive
and the polarization is affected by the lower water clouds and
ocean surface. The multiple scattering at the edges should be
also small.
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Fig. 4. Scatter plots for (a) all cases and (b) for the ice-cloud only cases with
linearly fitted line, for the flight on February 22 as shown in Fig. 3.

On the other hand, the scattering of solar radiation from both
water clouds and the ocean surface shows noticeable polariza-
tion, and the ratios measured depend on the sun elevation angle.
This is consistent with theory. Both theory and observation in-
dicate that water clouds and water surfaces polarize the scat-
tered sunlight. In general, similar results were obtained for all
ten flights carried out during the campaign. The only exceptions
were some very dense water clouds that also showed an unpo-
larized background signal, due very probably to significant con-
tributions from multiple scattering.

IV. PROPOSED APPROACHES

Based on the theoretical studies and CPL data analyses,
we propose two approaches for validating CALIPSO’s lidar
depolarization calibration. Approach 1 is a linear-fit method.
Fig. 4(a) presents scatter plots of perpendicular components
versus parallel components for all background solar signals of
Fig. 3 (top panel). Fig. 4(b) is for cirrus only. When a linear fit
is applied to these points, the slope of the fitted line is the gain
ratio of the two channels. The slopes for both Fig. 4(a) and (b)
are very close and consistent with the gain ratio determined
by the half-wave plate method (1.443). For approximately half
of the profiles in this flight, the background is dominated by
ocean surfaces (i.e., cloud-free conditions). Since the fitting
process is strongly influenced by the high levels of background
solar radiation scattered by the anvil clouds, the two slopes
from Fig. 4(a) and (b) are almost identical.

The linear-fit-based slope approach that uses all scattered
solar signals similar to that shown in Fig. 4(a) has been used
to validate the CPL gain ratio calibration. Repeated CPL obser-
vations show that this method is quite reliable when ice clouds
are the dominant scattering media.

When scattering is dominated by a polarizing medium such
as water clouds and/or an ocean surface with strong winds, large
biases may be introduced into the fitting process. An example is
given in Fig. 5. The plots are the same as Fig. 4, using data from
the February 19, 2003 flight. Compared with Fig. 4(a), a much
larger spread of data points is seen in Fig. 5(a). A substantially
better correlation is seen when fitting the ice-cloud-only data
points, as shown in Fig. 5(b). The two slopes (gain ratios) differ
by 7%.

Fig. 5. Same as Fig. 4 but for the flight on February 19.

Fig. 6. Scatter plots of data points selected with depolarization ratio greater
than (a) 10% and (b) 20% from all ten flights data acquired by CPL during the
THORPEX_PTOST 2003 campaign.

An ice-cloud-only calibration technique can be used as a di-
agnostic method to check the stability of the CALIPSO gain
ratio calibration. The onboard method will be applied only peri-
odically, and it requires the insertion of the spatial pseudodepo-
larizer into the optical path. By contrast, the approach outlined
here can be applied to the daytime part of each CALIPSO orbit
without commanding the insertion of additional onboard optics.

The lidar depolarization ratio is used to select the appropriate
data for the gain ratio calibration. Fig. 6 presents scatter plots
of data points selected with threshold values of lidar depolar-
ization ratio of [Fig. 6(a)] 10% and [Fig. 6(b)] 20% from all
ten CPL flights conducted during the THORPEX-PTOST 2003
campaign. It is clearly shown that the outlier data points that
arise from solar radiation scattered partly from optically thin ice
clouds and partly from ocean surface are effectively screened
out by using the higher threshold value of the depolarization
ratio.

We note here that the CALIPSO lidar will make depolariza-
tion measurements at 532 nm, whereas the CPL depolarization
measurements used in this study were acquired at 1064 nm. As
a consequence, the threshold values determined to be appro-
priate for the CPL measurements may need to be revised some-
what prior to the possible application of Approach 1 using the
CALIPSO data.

The second validation approach that we suggest for use by
CALIPSO selects a high, dense cirrus anvil similar to the one
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shown in Fig. 3. The ratio of perpendicular to parallel compo-
nents is plotted as in the middle panel of Fig. 3. The depolar-
ization gain ratio can then be derived from the mean value of
the flattest part of the curve. The flatness of the curve can be
used as a metric to select an appropriate ice cloud for analysis.
A fully automated method implementing this second approach
has been developed and tested. The gain ratio is initially esti-
mated using the mean value of the ratios of the parallel and per-
pendicular background signals from all profiles within a flight
that contain “high clouds” (e.g., those clouds for which cloud
base 5 km). Those outlier data points that deviate from this
initial estimate by more than a given value (threshold) are then
removed, and a revised estimate of the gain ratio is derived by
recalculating the mean value. This process is repeated as nec-
essary, with the threshold value being decreased at each itera-
tion. The iteration terminates when the threshold reaches a level
equivalent to the magnitude of the variations in the gain ratio that
would be caused solely by background noise. The mean value of
gain ratio computed at each iteration is assumed to be closer to
the true value than that computed in the previous iteration. Using
this procedure, it is possible that background signals scattered
from high, dense water clouds could be included. Applying this
procedure to the February 19 and 22 flights yields gain ratio es-
timates of, respectively, 1.408 and 1.406. These automatically
generated estimates are consistent with those obtained by the
first approach (1.412 and 1.410).

We note too that although only the background light scattered
by ice clouds is used to validate or generate the depolarization
gain ratio, once generated the calibration constant is then valid
regardless of the scattering source and can be applied to the lidar
measurements over water clouds, aerosols, etc.

V. CONCLUSION

Using the sunlight scattered from ice clouds, we can validate
the internal calibration of CALIPSO lidar depolarization gain
ratio. The validation method is based on the fact that the back-
ground sunlight scattered by ice clouds is largely unpolarized,
while the background sunlight scattered by water clouds and
ocean surface can be polarized.

The technique was tested using CPL data acquired during
the THORPEX-PTOST campaign. The results show that the de-
rived CPL depolarization gain ratios are consistent with theory.
Based on theoretical knowledge and CPL data analyses, two ap-
proaches are derived for the validation of CALIPSO depolar-
ization calibration. Both approaches assume unpolarized solar
background radiation scattered from ice clouds. A relatively
high depolarization ratio threshold is used as a discriminator to
insure that only ice clouds with unpolarized background light
are selected, while background measurements over water clouds
and the polarizing ice clouds such as horizontally oriented ice
plates are excluded.
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